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EXTENDED DATA FIGURES 

 

                                    

Extended Data Figure 1 | Hierarchical HMM workflow for behavioral state labeling. a, Pipeline for two stage 

HMM fitting. The first stage assigns labels to wake and quiescence periods based on speed and the second stage 

assigns labels to substates of quiescence, qREM and qNREM, using saccade rate. b, Illustration of stage 1 of the 

pipeline. Speed trace on top, marginal probabilities (posteriors) of wake and quiescence states in the middle and 

state sequence on the bottom. c, Illustration of stage 2 of the pipeline. HMM fitting is only performed on quiescent 

periods identified in stage 1. Saccade rate trace on top, marginal probabilities (posteriors) of qREM and qNREM 

substates of quiescence in the middle and state sequence on the bottom. d, Final state sequence after both 

stages of HMM fitting.  
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Extended Data Figure 2 | Overall movement level does not explain state-dependent arousal threshold. a, 

Raster plot of relative tail angle in one example fish. Trials are sorted according to the time in which they occurred 

in the experiment. Behavioral state on each trial (qREM vs. wake) is indicated by the vertical hypnogram (wake: 

blue, qREM: magenta) on the right. “Control” response window highlights a randomly chosen 1 s window used to 

perform a matched control analysis of the true response window, defined as the light off period. b, Response 

probability as a function of behavior state (wake vs. qREM) and analysis window (control vs. actual response 

window). In both behavioral states, response probability was significantly higher during the actual response 

window (wake: p = 3.0e-7, qREM: p = 0.001, n = 24 fish, Wilcoxon signed rank test), indicating that wake 

responses are not simply a consequence of higher baseline locomotion. c, Distribution of response latencies 

detected during the actual (black) and control (grey) analysis windows. Shading represents bootstrapped 95 % 

confidence interval calculated in a 50 ms sliding window. d, Raster plot of speed in one example fish. Trials are 

sorted according to the time in which they occurred in the experiment. Behavioral state on each trial (qREM vs. 

wake) is indicated by the vertical hypnogram on the right. “Control” response window highlights a randomly 

chosen 1 s window used to perform a matched control analysis of the true response window, defined as one 

second following the solenoid tap. e, Response probability as a function of behavior state (wake vs. qREM) and 

analysis window (control vs. actual response window). In both behavioral states, response probability was 

significantly higher during the actual response window (wake: p = 0.01, qREM: p = 0.01, n = 8 fish, Wilcoxon 

signed rank test), indicating that wake responses are not simply a consequence of higher baseline locomotion. f, 

Distribution of response latencies for responses detected during the actual (black) and control (grey) analysis 

windows. Shading represents bootstrapped 95 % confidence interval calculated in a 10 ms sliding window. 

 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 29, 2023. ; https://doi.org/10.1101/2023.08.28.555077doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.28.555077
http://creativecommons.org/licenses/by/4.0/


   

 

   

 

28 

                                      

Extended Data Figure 3 | Transition probabilities between wake, qREM and qNREM states. Transition 

probabilities between wake, qREM and qNREM for light cycled (a, n = 53 fish, 14 hr light / 10 hr dark), constant 

dark (b, n = 27 fish), and constant light (c, n = 51 fish) conditions over 24 hr. Arrows indicate transition direction, 

and their widths are proportional to their respective transition probabilities. Transparency of each circle is 

proportional to the time occupied by the respective state. Transition probabilities in the left column are computed 

from the whole 24hr experiments with the exclusion of states shorter than 1 minute. These 24hr experiments are 

broken into day 1, night, and day 2 according to the entrained circadian cycle during rearing conditions (14 hr light 

/ 10 hr dark). Transition probabilities for these periods are in the middle and right columns.  
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Extended Data Figure 4 | Flow triggers transient increase in brain activity a, Raster plot showing brain-wide 

neural activity of a representative example fish experiencing 1 min of flow (dashed black box). Below: mean 

activity across all shown neurons. b, Histogram of neural activity (z-scored, n = 10 fish) over a period of 1 min 

before flow (grey dashed) and 1 min during flow (black). Below: histogram of difference in activity between pre 

and during flow for each neuron (mean of 1 min during flow “minus” mean of 1 min before flow) c, Mean 

difference in fluorescence of flow and pre flow period for each neuron across fish (266,326 neurons, n = 10 co-

registered fish, dorsoventral mean projection). 
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Extended Data Figure 5 | Distinct neural populations control eye saccades and turn bias. a, Eye angles and 

turn bias were measured from behavioral tracking. Left and right eye angles (orange / blue arrows) are defined as 

the angle between the eye’s major axis and the animal’s heading. An example of leftward (blue) and rightward 

saccades (right) are shown. Left (green) and right (purple) turn bias, illustrated as the size of the dots, are defined 

as the Gaussian smoothed (σ = 8 min) heading change over time. Thus, continuous turning in the leftward 

direction leads to larger values of left turn bias and vice versa for continuous right turning. b, Density map of all 

categorized neurons across n = 11 fish registered to the mapZebrain atlas (Methods). Colors correspond to the 

behavioral metrics illustrated in a. Black tracing indicates the contour of the abducens nucleus. c, 15 min example 

traces of behavioral variables (eye angle, and turn bias) that were input to the regression model. d, Mean activity 

traces of the neural populations corresponding to each behavioral variable. Each trace is a mean over all neurons 

belonging to each category, identified by linear regression (Methods). 
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Extended Data Figure 6 | Unsupervised discovery of smoothly evolving state trajectories. Whole-brain PCA 

was performed only during qREM periods (a) or wake periods (b). All timepoints are projected onto the top two PCs 

of the respective space (Methods). In the qREM space (a), time within each qREM period is represented by the 

colormap (magenta to white). All wake time points are colored blue. In the wake space (b), time within each wake 

period is represented by the colormap (blue to white). All qREM time points are colored magenta. 
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Extended Data Figure 7 | Hyperparameter optimization and neuron selection. a-b, Normalized coefficient of 

determination (R2 score, n = 11 fish) heatmap for L1/L2 penalty ratio and penalty scaling value (alpha) for 

decoding relative time in qREM (a) or wake (b) periods. Asterisk (*) indicates the maximum R2 score (l1/l2 penalty 

ratio = 0.2, alpha = 0.05) for qREM (a) and maximum R2 score (l1/l2 penalty ratio = 0.1, alpha = 0.04) for wake (b). 

c-d, An example dataset. Neurons with negative (c) or positive (d) decoding weights in each qREM training set. 

For example, qREM 1 training set is qREM 2 and qREM 3. 
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Extended Data Figure 8 | Relative time decoding during wake periods. a, Relative time decoding pipeline. 

Top: wake state labels and activity of 11 example neurons smoothed with a Gaussian kernel (σ = 25 s). The linear 

decoder was trained on all wake states except for one. Trained decoder weights were then applied to the held-out 

wake period to predict relative time. This procedure was repeated for each wake state in order to generate 

predictions for the entire dataset. Bottom: Relative time prediction (red) in each wake state compared with true 

relative time (grey). b. Relative time prediction (mean ± s.e) using only neural activity (red), behavioral variables 

(blue), or shuffled neural activity (black) (n = 11 fish). c. Decoder performance was quantified by measuring R2 

between true relative time and predicted related time (neural R2 = 0.60 ± 0.05, shuffled R2 = -0.01 ± 0.01, 

behavior R2 = 0.12 ± 0.06, n = 11 fish). d-e Speed (mm/s) (d), left eye (e, orange), and right eye (e, blue) angle of 

an example freely swimming larva. f. Top: Behavioral state labels (blue: wake, magenta: qREM) throughout the 

experiment. Bottom: Raster map of z-scored neural activity for neurons in the example animal that significantly 

contributed to relative time decoding during wake state: ramp-down neurons (1470, top rows), which had negative 

decoding weights, and ramp-up neurons (1187, bottom rows), which had positive decoding weights.   
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SUPPLEMENTARY INFORMATION 

 

Supplementary Video 1 | Example wake, qREM, and qNREM behavior. Behavior of one fish during the wake 

state (left), qREM state (middle), or qNREM state (right). Each panel highlights 45 s of behavior from each state. 

Insets of the animal’s eyes are at 6X zoom relative to the overall behavior chamber. Below, the tracked eye 

angles are shown for each example data excerpt. 

 

Supplementary Video 2 | Brain-wide activity at the transition between wake and qREM. Raw fluorescence 

data, normalized to mean wake activity in the 2 min preceding qREM onset, is shown for one example fish at the 

transition between wake and qREM. Normalized activity at each time point is averaged across all wake to qREM 

transitions (n = 3 transitions in this fish). Each panel represents a different slice through the dorso-ventral axis 

(reading left to right and top to bottom: dorsal to ventral). 
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